We describe an aptamer-based surface enhanced resonance Raman scattering (SERRS) sensor with high sensitivity, specificity, and stability for the detection of a coagulation protein, human r-thrombin. The sensor achieves high sensitivity and a limit of detection of 100 pM by monitoring the SERRS signal change upon the single-step of thrombin binding to immobilized thrombin binding aptamer. The selectivity of the sensor is demonstrated by the specific discrimination of thrombin from other protein analytes. The specific recognition and binding of thrombin by the thrombin binding aptamer is essential to the mechanism of the aptamer-based sensor, as shown through measurements using negative control oligonucleotides. In addition, the sensor can detect 1 nM thrombin in the presence of complex biofluids, such as 10% fetal calf serum, demonstrating that the immobilized, 5′-capped, 3′-capped aptamer is sufficiently robust for clinical diagnostic applications. Furthermore, the proposed sensor may be implemented for multiplexed detection using different aptamer-Raman probe complexes.
As nanobiotechnology progresses, aptamers, single-stranded (ss) oligonucleotides (<100 nt), have been promoted as ideal diagnostic reagents and potential antibody replacements for the development of biomolecular nanosensors due to their high affinity, specificity, and stability. [1] [2] [3] [4] [5] [6] [7] [8] [9] Interestingly, certain aptamers have been reported to undergo distinguishable conformational changes upon interaction with their targets. [10] [11] [12] [13] [14] [15] Recently, numerous aptamer-based sensors (aptasensors or aptamer beacons) have exploited binding-induced conformational changes to monitor the interaction with targets by measuring electron transfer, 10, 11, 16, 17 color change, [12] [13] [14] 18 or fluorescence quenching. 15, 19, 20 However, these methods are limited by either the size or sensitivity of the sensors or by the complexity of the assays involved. For example, electrochemical sensors designed to measure electron transfer require electrodes on the millimeter scale to achieve sufficient sensitivity; colorimetric methods require a large amount of particle aggregation to induce a discernible color change; the previously reported surface-enhanced Raman scattering (SERS) aptasensor used multiple binding events, a sandwich assay requiring labeling of target molecules with the complex of gold nanoparticle/aptamer/Raman probe/silver nanoparticle after capturing the target. 21, 22 Herein, we report a sensitive, selective, and stable aptamer-based surface enhanced resonance Raman scattering (SERRS) sensor for a coagulation protein, human R-thrombin. The sensing mechanism is based on the single-step target binding event to aptamer, which results in a decrease of the intensity of SERRS signals of the probe molecule attached to thrombin binding aptamer (TBA) due to the displacement of TBA from a gold nanoparticle (GNP) surface. We hypothesize that the thrombin molecules, after dissociating from the displaced TBA, are able to participate in further binding/displacement event with TBA immobilized on the GNP surface. Furthermore, the SERRS technique provides ultrasensitive detection of the probe molecule by combining resonance Raman scattering with SERS enhancement in the presence of a metallic nanoparticles. As a result, our described aptamer-based SERRS sensor allows much simpler detection scheme, coupled with a lower limit of detection when compared to other techniques based on multiple binding events or nonresonant SERS.
TBA displacement event is realized by exploiting the propensity of single-stranded DNA (ssDNA) to readily adsorb onto GNP surfaces and to subsequently desorb upon its target binding. 12, 13, 23, 24 For the present study, a 15-mer TBA (5′-GGT TGG TGT GGT TGG-3′, "G" marked in bold is essential for quadruplex formation for thrombin binding) previously reported to bind thrombin with a dissociation constant of 25 nM, was used. 25, 26 A thiol functional group was added to the 5′ end for covalent binding to the gold surface, and the Raman probe (methylene blue, MB) was covalently bound to the 3′ end. The full sequence is as follows: [5′-(CH 2 ) 6 -S-S-(CH 2 ) 6 -TAA GTT CAT CTC CCC GGT TGG TGT GGT TGG T-MB-3′]. The thiolized TBA is adsorbed on the surface in two populations: chemical and physical adsorption. 27, 28 Chemisorbed TBA, bound through a covalent gold-thiol bond, would remain immobilized upon addition of sample solutions and provide a baseline signal level to verify the stability of the ssDNA aptamer and the light-sensitive MB during exposure to complex biofluids, surface plasmon heating, and incident TBA-GNP substrate is prepared by immobilizing MB-conjugated TBA on the GNP-substrate followed by a rinsing step removing unbounded TBA. (e) Thrombin is incubated on the prepared TBA-GNP substrate followed by a rinsing step removing displaced TBA-thrombin complex.
laser. Physisorbed TBA, in contrast, is held to the GNP surface only through electrostatic interactions between nitrogenous bases and the GNP surface and will be susceptible to displacement from the surface upon recognizing and binding target molecules. 23, 28, 29 Quantitative and sensitive detection of thrombin is achieved by monitoring the strong SERRS peaks of methylene blue, covalently attached to TBA. Methylene blue has a S 0 f S 1 transition centered at around 660 nm, allowing the incoming light in 632 nm wavelength to excite resonant vibration of the molecule. As a result, SERRS enhances Raman scattering signals by 10 3 -10 5 times compared with nonresonant SERS while providing narrow spectral lines suited to quantitative analysis. 30, 31 Our detection mechanism is based on the change of SERRS intensity of the Raman probe (Figure 1 ). In the absence of thrombin, single-stranded TBA is unfolded and adsorbed onto a GNP surface. This brings the methylene blue in close proximity to the GNP surface (Figure 1a) , resulting in surface enhanced Raman scattering for methylene blue. Upon introduction of the target protein, TBA undergoes a conformational change (G-quadruplex formation) induced by 
The aptamer-based SERRS sensor was fabricated by a simple two-step procedure (see Supporting Information for a detailed description). Briefly, 80 nm colloidal GNPs were first aggregated on a glass coverslip previously treated with 3-aminopropyltriethoxysilane (APTES) (Figure 1c) . CuSO 4 was used as an aggregation agent because the charge on Cu 2+ induces aggregation of GNP covered with halide anions, resulting in a fractal structure of GNPs. [32] [33] [34] The aggregated GNPs presumably provide hot spots, where a strong surface plasmon is resonated locally. The APTES-coated glass retains GNPs on the surface through harsh rinsing steps and also prevents any further aggregation of GNPs that may be caused by salt ions. Second, MB-conjugated TBA was introduced to the GNP-aggregated substrate at room temperature and allowed to incubate overnight in the dark (Figure 1d ). The glass slide was then thoroughly rinsed with 1× thrombin binding buffer (TBB) and the SERRS spectra were collected. Finally thrombin was introduced and incubated for one hour at room temperature in the dark (Figure 1e ). The substrate was rinsed, kept in 1× TBB solution, and covered with a cover glass.
The spectra were collected from aggregated GNPs in a fractal structure (Figure 2 inset, SEM image). The whole spectra are displayed after subtracting the fluorescence background from the original signal (Figure 2a ) for clarity and the most prominent Raman peak at 1622 cm -1 (assigned to ν(CC) ring and ν(CNC) ring modes of methylene blue) 35 was compared for quantitative analysis (Figure 2b, 2c) . The effect of adding thrombin to the aptamer can clearly be observed through the reduction of the peak's intensity at the 1622 cm -1 . Initially, the peak's intensity dropped approximately 10% when introduced with 100 pM thrombin. However, with g1 µM thrombin concentration, the intensity dropped to about 50%, the observed saturation level (Figure 2c ). We thus estimate the limit of detection for this assay to be 100 pM with a dynamic range spanning 100 pM to 1 µM.
To verify that the signal change is dependent on the specific recognition of thrombin, we added a nonspecific binding protein, bovine serum albumin (BSA). When the substrate was treated with increasing concentration of BSA (up to 1 µM BSA), we did not observe any significant change in the SERRS signal (Figure 2c ). This suggests that the TBA was not displaced from the GNP substrate, as TBA did not bind to BSA. The specificity of the aptamer-based SERRS method was further investigated with a mutant TBA [5′-(CH 2 ) 6 -S-S-(CH 2 ) 6 -TAA GTT CAT CTC CCC AAT TGG TGT GGT TAA T-MB-3′] (nucleotides marked in bold indicate the position of essential "G" in the original aptamer sequence) in 1× TBB (Figure 3 ). Upon the addition of 100 nM thrombin to the mutant TBA-GNP substrate, we did not observe any decrease in the SERRS signal intensity. Taken together, these observations suggest that the displacement mechanism relies on specific recognition and that the aptamer-based SERRS method is highly specific for the detection of TBA-thrombin interaction.
The stability of the sensor was evaluated in the presence of complex mixtures including nucleases, i.e., serum ( Figure  4) . We observed ∼20% signal decrease when the substrate was treated with 10% fetal calf serum (v/v in TBB), indicating that the TBA was minimally displaced from the aggregated GNPs by the serum's constituents; the SERRS signal drop reached the 50% saturation in 75% serum. We hypothesize that the displacement of TBA in elevated serum levels was probably due to stronger electrostatic interference by serum's salt contents rather than by nuclease activity in the serum, which are unlikely to degrade the immobilized, 5′-and, 3′-capped TBA. 36 With this "serum baseline," the intensity in the presence of 10% serum, we proceed to introduce thrombin to both the TBA-GNP substrate and the mutant TBA-GNP substrate. With the addition of 1 nM thrombin in 10% serum to the TBA-GNP substrate, the signal dropped to ∼75% from the serum baseline and the signal further decreased to a saturating level of 60%, when the thrombin concentration increased to 100 nM. In contrast, the mutant TBA-GNP substrate did not produce any significant signal change when exposed to 1 nM thrombin in 10% serum. These observations collectively indicate that the sensor can be performed in the presence of 10% serum. We also note that mutant TBA-GNP substrate is unaffected by nucleases in serum. Thus, the mutant aptamer both effectively and conveniently provides a "negative control" that enables specific protein detection for each respective assay performed in 10% serum.
The 50% saturation level can be attributed to the chemisorbed aptamer population. To verify that the signal was stemming only from chemisorbed aptamer, we repeatedly subjected the substrate to harsh conditions: high NaCl (1.4 M), high serum (100%) wash, and high thrombin (1 µM) interaction ( Figure S1 ). In all cases, we observed a 50% maximum signal reduction, suggesting that ∼50% of the Figure 3 . Evaluation of the specificity of the developed method and the aptamer-based SERRS sensor. Assays were performed in 1× TBB. We did not observe any significant intensity change in SERRS signal from the TBA-GNP substrate in 1 µM BSA or from the mutant TBA on GNP substrate in 100 nM thrombin. In contrast, the SERRS signal drop was clearly distinguishable for the TBA-GNP substrate incubated with 100 nM thrombin. Data shown represents the mean, with standard deviation, of four separate measurements.
aptamer is chemisorbed onto the GNPs and is, therefore, resistant to displacement via disruption of electrostatic interactions rather than the denaturation of TBA.
In conclusion, we have demonstrated a highly sensitive, selective, and stable aptamer-based SERRS sensor for the detection of thrombin. The limit of detection is 100 pM (below the dissociation constant of TBA, 25 nM). This low limit of detection is possible because the aptamer-based SERRS signal depends on the number of aptamers displaced from the surface, not the number of aptamers that are bound to target. In addition, this assay is sufficiently stable to identify the intended target in the presence of 10% serum. Given the size and simplicity of the proposed detection schematic, this method may be readily used in a miniaturized and integrated platform as it can easily accommodate numerous protein-specific aptamers with a variety of Raman probes for high throughput and multiplexed drug screening and biomedical diagnostics.
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